stromal cells have been studied extensively in the primary tumor microenvironment. In addition, mesenchymal stromal cells may participate in several steps of the metastatic cascade. studying this interaction requires methods to distinguish and target stromal cells originating from the primary tumor versus their counterparts in the metastatic site. Here we illustrate a model of human tumor stromal cell-mouse cancer cell coimplantation. this model can be used to selectively deplete human stromal cells (using diphtheria toxin, Dt) without affecting mouse cancer cells or host-derived stromal cells. establishment of novel genetic models (e.g., transgenic expression of the Dt receptor in specific cells) may eventually allow analogous models using syngeneic cells. studying the role of stromal cells in metastasis using the model outlined above may take 8 weeks.
IntroDuctIon
Tumor-associated fibroblasts (TAFs) have important and diverse roles in carcinogenesis and tumor growth [1] [2] [3] [4] [5] [6] [7] [8] [9] . Although much less studied, primary TAF involvement is also potentially crucial when tumors colonize secondary sites during metastasis. Metastatic cells can reside in the lungs awaiting oncogenic activation 10 , or can home to pre-existing niches created by inflammation and immune cell or fibrocyte accumulation [11] [12] [13] [14] . Alternatively, metastatic cells can proliferate intravascularly before extravasation into the lung tissue 15 . This could be a result of cancer cell clumping in circulation, a phenomenon that increases metastasis efficiency [16] [17] [18] [19] [20] . However, the clumps may also be fragments that carry over 'passenger' mesenchymal stromal cells from the primary site. By using the techniques described in this protocol, we have recently shown that mesenchymal stromal cells may serve as a provisional stroma in the secondary site and increase the metastatic efficiency of cancer 21 . We developed an experimental protocol of spontaneous lung metastasis formation in mice in which human TAFs (originating from the primary tumor) can be selectively depleted using DT once they colonize the lungs. We have used this protocol-in combination with established spontaneous metastasis models using skin transplantation by transient parabiosis and an isolated tumor perfusion model 22, 23 -to provide direct evidence for the role of passenger TAFs in tumor metastasis to the lungs (see ref. 21 ).
Overview of the technique
This protocol describes an experiment for studying the involvement of stromal cells in specific steps in the metastatic cascade. The experimental design of the protocol is depicted in Figure 1 .
We have previously used this protocol in a spontaneous metastasis formation model. We first isolated TAFs from fresh human breast cancer tissue, from independent cases of sporadic invasive ductal breast carcinomas (TNM stage II, SBR grade II-III). TAFs and tumor cells (LLC1) were implanted in the hind limb of a mouse and primary tumors were allowed to grow to a size of 10 mm before they were surgically resected. To determine the effect of passenger stromal cells within the circulating fragments, we selectively depleted the human TAFs using DT, which is 1,000 times more toxic to human cells compared with mouse cells 24, 25 . The dosage of DT used in this protocol was effective in depleting human soft tissue sarcoma cells and TAFs, while having no adverse effect on mouse cell growth (i.e., normal or cancer cells) 24, 25 . However, we recommend first determining an in vitro dose-response curve when using DT to deplete other types of human cells. Mice bearing LLC1 tumors were used as controls. Metastases were counted in the lungs 2 weeks later with a dissecting microscope and wholemount lung tissue. Human passenger stromal cells were identified in metastatic nodules by immunohistochemistry using humanspecific antibodies.
Comparison with other techniques
The hind limb model is a very reproducible postsurgical metastasis model without the risk of local tumor regrowth [26] [27] [28] . Tumor resection when grown in other sites (e.g., mammary pad) is technically feasible but is associated with high local relapse rates, which confounds the study outcomes. In addition, there are alternative models of fibroblast depletion that could be performed at specific time points during tumor progression. One example is the use of transgenic mice expressing the herpes simplex virus thymidine kinase (HSV-TK) under the type I collagen promoter 29 . Another example is the use of transgenic mice that express HSV-TK under control of the S100A4 (FSP1) promoter to specifically ablate S100A4 + stromal cells 8 . Treatment with the antiviral agent ganciclovir can specifically induce apoptosis in cells expressing these markers. TAFs collected from these mice could potentially be used for coimplantation with tumor cells in a spontaneous model of metastasis.
Advantages and limitations
The key advantage of our protocol over other existing methods is that one can gain the ability to selectively deplete tumor stromal cells without affecting the microenvironment in the secondary site by coimplanting human-derived stromal cells with mouse tumor cells, followed by cell depletion using human-selective toxins. The limitation is the fact that the model uses xenotransplantation of a human tumor in an immunocompromised mouse. This limitation could be overcome by developing transgenic models, if feasible, of tumor stromal cell depletion using genetic tools in syngeneic and orthotopic tumor models.
Applications of the TAF model
In our experiments, we use TAFs isolated from human breast cancer tissue. By using the same technique, tissue-specific fibroblasts could be isolated from other organs such as prostate or liver (hepatic stellate cells) 30, 31 .
• In our studies, we have focused on lung cancer and TAFs. However, in principle, the protocol could be used with any cancer line that is spontaneously metastatic to the lung in mouse experimental models, such as carcinomas (mammary, prostate, lung) and melanomas. Tumor models bearing metastases in organs other than the lungs can be used to study organ-specific metastasis and microenvironment.
• ; MGH pharmacy) and xylazine (10 mg ml − 1 ; Webster, cat. no. 200204.00) mixture per kg body weight Mice; immunodeficient mice (Nude/SCID) 6-10 weeks of age ! cautIon All animal studies must be reviewed and approved by the institutional animal care and use committees and conform to all relevant ethics regulations. Paraformaldehyde (10% (wt/vol); Polyscience, cat. no. 4018) ! cautIon Hazardous when exposed to skin, inhaled or swallowed.
• Diphtheria toxin Reconstitute 1 mg of powder in the vial with 0.5 ml of 1× PBS to prepare stock solution (the solution will contain 1 mg of toxin in 10 mM Tris and 1 mM disodium EDTA at pH 7.5). To prepare 10 ml of final concentration (1 µg ml 4| Transfer the stromal cell-enriched supernatant to a new tube (other tissues can be discarded).
5| Centrifuge the stromal cell fraction at 250g for 5 min and resuspend the pellet (containing human TAF cells) in DMEM with 10% (vol/vol) CS and transfer to 15-cm tissue culture plates.
6|
Expand TAFs by in vitro passage for two or three population doublings in DMEM with 10% (vol/vol) CS in an incubator at 37 °C and in 5% CO 2 .
7| Check the purity of these cell populations using immunocytochemistry with fluorescently labeled antibodies against human vimentin (clone 3B4), α-SMA, pan-cytokeratin AE1-AE3 and CD31. These should be performed according to the manufacturers' protocols.  pause poInt Cells can be stored in liquid nitrogen indefinitely.
primary tumor implantation • tIMInG 1.5 h 8| Use 8-week-old SCID mice. Anesthetize each mouse using 0.25 ml of ketamine/xylazine, place it on a heated pad, and then shave its right hind limb. ? trouBlesHootInG 9| Coimplant 2 × 10 5 LLC1 tumor cells and 1 × 10 6 TAFs (1:5 ratio) in 50 µl of HBSS in the right leg of the mouse using a 1-ml syringe with a 30-G needle. Insert the needle through the skin 1 mm distal to the knee joint on the lateral side. Create a 3-mm 2 subcutaneous pocket by breaking through the muscle ligaments and moving the needle gently. Inject the cell mixture while retracting the needle. Tumors usually form in 100% of the mice.  crItIcal step TAFs should be used before the ninth in vitro passage, as they tend to grow slower (become senescent) afterward.  crItIcal step Avoid puncturing the skin while creating the pocket. This will cause the cell solution to leak out during injection. ? trouBlesHootInG primary tumor resection • tIMInG 30 min 10| House the mice under standard pathogen-free conditions. Monitor the tumor growth daily and perform surgical resection as detailed below when tumors reach a mean diameter of 10 mm. ? trouBlesHootInG 11| Anesthetize the mouse using 0.4 ml of ketamine/xylazine mixture, and then place the mouse on a heated pad.  crItIcal step Dose the anesthesia carefully depending on the weight and strain of the mouse. For this procedure, deep anesthesia is required.
12|
Five minutes after injection of the anesthetic, confirm that the mice are not responsive to pain stimuli (tail pinch, toe pinch).
13| Shave the right inguinal region.
14| Position a hemostatic clamp proximal to the tumor over the hip joint and close it tightly. Ensure that the site is clear of tumor tissue. At the same time, position the clamp as distal to the hip joint as possible to avoid clamping of the bladder and mouse genitals. The same clamping method could be use to resect tumors grown subcutaneously or in the mammary fat pad, but there is a higher risk of local regrowth of the tumors, which may confound the outcomes. ? trouBlesHootInG 15| Resect the hind limb distal to the clamp by using a surgical blade and holding the hemostatic clamp in the other hand.  crItIcal step Cut away from the hand in order to avoid injuries to the mouse and the researcher.
16| Wait for 7 min to allow hemostasis while keeping the mouse on a heated pad.
17|
Release the hemostatic clamp and check the resection site for residual bleeding. When the wound is dry, close it with four 9-mm wound clips.
18|
Administer 0.2 ml of buprenorphine and ensure that the mice have easy access to food and water for 24 h postoperatively.
selective depletion of human taFs with Dt • tIMInG 15 min 19| Prepare a 1-ml syringe with 0.2 ml of DT at a concentration of 1 µg ml − 1 in PBS (use 0.2 ml of PBS for controls).
20|
Hold the mouse with the left thumb and index finger by the neck skin, stretch it over the left hand and hold the tail using the little finger on your left hand. With your right hand, inject the DT intraperitoneally in the lower right quadrant of the mouse's abdomen. Move the needle to ensure that the DT is not injected in the internal organs. To confirm the selective killing of human tissue-derived TAFs, use two control groups: mice injected with mouse tumor cells alone, and mice injected with cancer cells and human TAFs and treated with inactive forms of DT (i.e., diphtheria toxoids).  crItIcal step Inject all solutions at room temperature to avoid a drop in body temperature after injection.
tissue collection and evaluation of metastatic tumor load in the lungs • tIMInG 30 min 21| At the end point of the study (i.e., when metastases have formed in the target organ (e.g., 2 weeks after TAF depletion for LLC1 metastasis to the lungs)), euthanize the mice; use an i.p. injection of 0.2 ml of Fatal-Plus using a 1-ml syringe and a 26-G needle when the first mouse shows a body weight loss of more than 20%, signs of severe pain or distress (including ruffled hair, inability to self-ambulate and signs of dehydration), or when mice become moribund. Typically, the time point is approximately 14-21 d after primary tumor resection in this model.
22|
Open the thoracic cavity with forceps and scissors.
23|
Collect the lungs and separate the lobes. Metastasis formation in this model is observed in 90-100% of the mice. Count the metastatic nodules on the surface of each of the lobes using a dissecting microscope, as described elsewhere 32 . Microscopic evaluation of lung tissue section is recommended to complement the macroscopic metastasis evaluation. ? trouBlesHootInG ? trouBlesHootInG Troubleshooting advice can be found in table 1. 
antIcIpateD results
Typical results of the isolation of TAFs from human tissues are shown in Figure 2 . Isolated cell lines were stained with vimentin to show their mesenchymal lineage (human breast cancer cells were used as a control). We confirmed this finding using immunocytochemical staining with pan-cytokeratin-specific AE1-AE3 antibodies to rule out epithelial cell contamination. Next, we confirmed that the TAFs are 'activated' myofibroblasts, in contrast to 'resting' skin fibroblasts and normal fibroblasts, isolated from breast tissue > 2 cm away from the tumor, which express lower levels of α-SMA. Finally, we used CD31 to rule out endothelial lineage of the isolated TAFs and normal fibroblasts. Human stromal cells could be coimplanted with tumor cells and be selectively depleted at a chosen time point. By immunostaining with anti-human vimentin antibody, which is specific for human cells-i.e., it does not stain mouse cells or tumor cells in this model-we showed incorporation of human TAFs in the primary tumor as well as their presence in the metastatic site 21 ( Fig. 3a,b) . The presence of human passenger TAFs in the lungs was confirmed by immunostaining for human nuclear antigen 21 (Fig. 3c) . Furthermore, Figure 3 shows the results of TAF depletion during the metastatic process. When using the timelines as described above, the primary tumor is allowed to grow to a size that facilitates metastases formation. (No resection of the primary tumor or resection of tumors at a smaller size does not usually induce metastasis formation in this tumor model.) When the circulating stromal cells, as well as the stromal cells in the micrometastases, are depleted (after primary tumor removal) using DT, the outgrowth of micrometastases in the lung decreases significantly (Fig. 4a) . Moreover, TAF depletion results in increased survival (Fig. 4b) . 
